CrystEngComm
Single-crystal structure determination from microcrystalline powders (∼5 μm) by an orientation attachment mountable on an in-house X-ray diffractometer † Chiaki Tsuboi, a Kazuaki Aburaya, b Fumiko Kimura, a Masataka Maeyama b and Tsunehisa Kimura * a An X-ray attachment that can realize single-crystal X-ray diffraction patterns from microcrystalline powders is proposed. Singlecrystal diffraction data are acquired in situ and analyzed using conventional computer software to determine the crystal structure of the microcrystals. The performance of the attachment is demonstrated using L-alanine microcrystals (∼5 μm).
The demand for single-crystal analyses has been increasing because the elucidation of molecular structures in crystalline states is of primary importance to understand and improve the functions and performance of solid materials in their final products. Single-crystal X-ray 1 and neutron diffraction techniques 2,3 are the most straightforward means to determine molecular structures if large single crystals are available. However, many materials are only available as microcrystalline powders that are unsuitable for characterization by these techniques. In such cases, powder diffraction is useful. The powder diffraction method has been rapidly and intensively developed recently. [4] [5] [6] [7] [8] [9] [10] [11] [12] However, it has substantial difficulties that the overlap of peaks is inevitable. Also, it strongly relies on model structure and computational optimization. The overlap of peaks may be largely reduced if microcrystals are textured or partially oriented. Shape anisotropy of crystals was utilized for this purpose and single-crystal-like diffraction was successfully obtained to determine the crystal sturucture. [13] [14] [15] Liquid-crystals of a fibrous protein were magnetically oriented to obtain the fiber diffraction pattern for crystal structure determination. 16, 17 We previously proposed an approach to determine crystal structures from microcrystalline powders based on the threedimensional (3D) magnetic orientation of microcrystals. This approach can be applied to biaxial crystals, including orthorhombic, monoclinic, and triclinic crystals, whose magnetic susceptibility tensor χ has three different principal values, χ 1 , χ 2 , and χ 3 (χ 1 > χ 2 > χ 3 ). By applying frequency-modulated rotating magnetic fields to a suspension of microcrystals, the microcrystals are aligned three-dimensionally. 18, 19 The χ 1 and χ 3 axes are referred to as easy and hard magnetization axes, respectively. The easy axis aligns parallel to the applied static field, while the hard axis aligns parallel to the rotating axis of the magnetic field. The combination of these two magnetic fields can produce 3D alignment of microcrystals. In actual experiments, the suspension is rotated in static magnetic fields instead of applying rotating magnetic fields.
In our approach, microcrystals suspended in a liquid medium are rotated with the rotating speed being changed regularly under a static magnetic field to achieve 3D alignment, and then the liquid medium is consolidated to fix the alignment of the microcrystals. The obtained composite, which is called a magnetically oriented microcrystal array (MOMA), produces X-ray diffraction (XRD) spots equivalent to those from a corresponding large single crystal. We have performed single-crystal X-ray analyses of MOMAs of inorganic, organic and protein microcrystal samples, and successfully solved their crystal structures. 20 However, it requires high magnetic fields (∼10 T) that are supplied by superconducting magnets in order to prepare MOMAs. In this work, we design a compact orientation attachment, comprising a magnetic unit and shutter that can be mounted on an in-house X-ray diffractometer to obtain single-crystal XRD images from magnetically oriented microcrystal suspensions (referred to as MOMSs). In situ diffraction measurements from magnetically oriented suspensions are reported. [21] [22] [23] containing the suspension are defined as parallel to the x, y, and z directions, respectively. The rotation angle of the capillary with respect to the x axis is denoted by angle α that changes over time as α = ωt. ω is ω s when 0°< α < 90°and 180°< α < 270°and ω q when 90°< α < 180°and 270°< α < 360° (Fig. 2) .
With the rotation of the capillary, the microcrystals align three-dimensionally. This alignment is synchronous with the capillary rotation and is only maintained while the capillary rotation is continued. Because the speed of the conventional oscillation is much slower than that of the rotation, conventional measurement on the rotating capillary only reveals a fiber pattern. To collect the XRD images at a designated oscillation angle, we need to introduce a shutter device. The rotation angle of a disk-shaped shutter with respect to the y′-axis is denoted by β = ωt; its rotation is synchronized with that of the capillary. There is a pair of slits, SL1 and SL2, with a slit angle of Δβ, separated by 180°on the edge of the shutter. The angle Δβ corresponds to the widths of the ω-oscillation scan angle in conventional single-crystal measurement. The X-ray is allowed to impinge on the capillary only when the X-ray beam comes across the slits. Because a MOMS has a two-fold rotation symmetry about the capillary rotation axis, 22 the diffraction images taken through SL1 and SL2 are equivalent. The default starting position of the slits is at β = 0 when the capillary position is α = 0 (see Fig. 1a ). By shifting the starting position of the slits, the microcrystals are impinged by X-rays from different angles ω with respect to the X-ray beam. A set of collected diffraction data corresponds to that obtained from ω-oscillation scans in conventional single-crystal data acquisition. As a result, the obtained full data set can be analyzed by conventional computer software for single-crystal analyses. Sample preparation of a suspension of L-alanine microcrystals, in situ X-ray measurement of the resulting MOMS, and subsequent single-crystal analyses are summarized in the ESI. † We used two kinds of suspensions, one containing 20-45 μm microcrystals and the other less than 5 μm (shown in Fig. 3 ). Single-crystal diffraction from microcrystals less than 10 μm in size is hard to measure using in-house diffractometers. It is even sometimes difficult to obtain singlecrystal diffraction patterns from microcrystals with a size of 5 μm at conventional beam lines in synchrotron facilities.
L-Alanine single crystals belong to the orthorhombic crystal system (space group: P2 1 2 1 2 1 ). The relationships between the Fig. 1 (a) Schematic of the experimental setup. A glass capillary (C) containing a microcrystalline suspension rotates in a frequencymodulated manner by using a stepping motor (SM1) about the laboratory z axis under a static magnetic field (B). The x and y axes coincide with the directions of the impinging X-ray from a collimator (X) and the static magnetic field (B), respectively. The x′, y′, and z′ axes, which are parallel to the x, y, and z axes, respectively, are the coordinates defined for the shutter (S) that has two slits (SL1 and SL2). The shutter is rotated synchronously with the capillary using a stepping motor (SM2). (b) Photograph of the orientation attachment mounted on an in-house X-ray diffractometer, where χϕ goniometers are removed. This photograph shows a glass capillary (C), an X-ray collimator (X), stepping motors (SM1 and SM2), a shutter with a diameter of 44 mm (S), and a pair of neodymium magnets (M) generating ca. 1 T at the capillary. An imaging plate (IP) is at the back. Fig. 2 Schematics of the rotation of the capillary and shutter. The xyz and x′ y′ z′ coordinates are the same as in Fig. 1 . The rotation angles α = ωt of the capillary and β = ωt of the shutter are defined with respect to the x and y′ axes, respectively. The rotation speed is ω = ω s when 0°< α, β < 90°and 180°< α, β < 270°, and ω = ω q when 90°< α, β < 180°and 270°< α, β < 360°.
magnetization and crystallographic axes for L-alanine crystals are known to be
When a suspension is rotated about the z axis, the reciprocal b  axis aligns parallel to the z axis, while the reciprocal a  and c  axes are in the xy plane, rotating in synchronization with the rotation of the suspending liquid medium. 21 Typical in situ diffraction images obtained for an L-alanine MOMS (20-45 μm) are presented in Fig. 4 , where Fig. 4a -c are the diffraction images captured for 30°< α < 40°, 80°< α < 90°, and 140°< α < 150°, respectively. The diffraction spots are asymmetrically distributed about the capillary rotation axis (horizontal) and the three diffraction images exhibit different patterns. Fig. 4d is a diffraction image taken without the shutter. In this case, the diffraction spots are distributed symmetrically about the sample rotation axis (horizontal), which is similar to a fiber diffraction pattern. The diffraction images obtained for 5 μm microcrystals are shown in Fig. 5 .
Here the diffraction spots are broader than those for 20-45 μm microcrystals because smaller microcrystals exhibit larger fluctuations in orientation. However, this quality of diffraction is sufficient for the subsequent analyses. Crystallographic data determined using the MOMSs prepared from microcrystalline powders of 20-45 μm and <5 μm size are summarized in Table 1 . They show good agreement with that reported in the literature. 25 The data completeness for both samples was about 85%, which is not very high because the diffraction was only collected about the sample rotating axis parallel to the χ 3 ∥ b  axis of L-alanine. By tilting the rotation axis of the capillary in the horizontal plane, the remaining XRD spots will be collected and the completeness will be increased. The structures determined are shown graphically in Fig. 6 . Both of them are in good agreement with that determined from a single crystal reported in the literature. 25 The crystal size limitation of this measurement can be estimated to be of submicron order as follows. The degree of orientation depends on the size of the microcrystals. Higher degrees of orientation can be achieved when the anisotropic magnetic energy markedly exceeds the thermal energy; that is, (2μ 0 ) −1 χ a VB 2 ≫ k B T, where k B is the Boltzmann constant, μ 0 is the magnetic permeability of vacuum, T is absolute temperature, V is the volume of the microcrystal, and χ a is χ 1 -χ 2 Fig. 3 Polarized optical micrograph of L-alanine microcrystals. or χ 2 -χ 3 , whichever is smaller. The larger the magnetic energy, the higher the degree of orientation. Inserting typical values of T = 300 K, B = 1T, χ a = 10 −7 (this value can be smaller or larger depending on the material), we obtain V ≫ 0.1 μm 3 , indicating that microcrystals of a few hundred nanometers in diameter can exhibit considerable orientation. The crystallinity of the microcrystals also affects the degree of orientation through the value of χ a . For example, if the mosaicity of the microcrystal is high, or a single particle is polycrystalline, χ a becomes small, resulting in a low degree of orientation.
Conclusions
In this study, we demonstrated that single-crystal XRD analysis is possible from a microcrystalline powder by using an orientation attachment mounted on an in-house X-ray diffractometer. Single-crystal analysis of L-alanine microcrystals using this setup was performed, demonstrating that the determined crystal structure was in excellent agreement with that reported in the literature. This attachment allows the structure determination of microcrystals of 20 μm down to less than 5 μm in size only with in-house X-ray diffractometers, without a synchrotron X-ray source or the use of a powder diffraction method. This experimental circumstance will greatly facilitate the crystal structure determination required in various areas including chemistry, materials science, structural biology, pharmaceutics, etc. Fig. 6 The structures determined by MOMS prepared from microcrystalline powders of a) 20-45 μm (blue) and b) <5 μm (pink) size are compared with the structure (white) reported previously. 25 The root-mean-square deviations are 0.0037 Å and 0.0130 Å for a) and b), respectively.
